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(54) Method for the formation and lift-off of porous silicon layers 



(57) The present invention concerns a method for 
the manufacture of porous layers in a semiconductor 
substrate, comprising the following steps: 

• Providing a semiconductor substrate comprising at 
least one surface, said substrate serving as an cath- 
ode, 

• Providing a anode, 

• Applying a solution comprising F" ions, suitable for 



removing material from said substrate, between 
said surface and said anode, 
Applying a predetermined current between said an- 
ode and said cathode, and 
Maintaining said solution and said current a suffi- 
cient amount of time to obtain a low porosity surface 
at said surface and a high porosity surface posi- 
tioned under said low porosity surface. 
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Description 

Field of the invention 

[0001] The present invention is situated in the field of 
micro-electronics, more precisely in the field of the for- 
mation of porous silicon layers (PSL) and its lift-off to 
manufacture Silicon On Insulator (SOI) structures or to 
bond it to other low-cost substrates for the fabrication of 
photovoltaic cells. 

State of the art 

[0002] When manufacturing a solar cell, only the top 
few microns of a silicon wafer will participate actively in 
the conversion of solar energy. Most of the expensive 
silicon wafer will only provide mechanical strength to the 
cell. This function can be achieved by any other low-cost 
substrate compatible to the solar cell fabrication proc- 
ess. Thus cost reduction is possible by providing a re- 
duction in the use of silicon. 

[0003] Silicon on insulator (SOI) structures are well 
known in the art, for example in the manufacture of low- 
cost solar ceils with high efficiency. Some of the advan- 
tages are prevention of latch-up, low parasitic capaci- 
tance, high-speed operation and the absence of a need 
for a welling process. 

[0004] In general, the existing techniques for the for- 
mation of PSLs and to transfer them to other substrates 
can be seen in figure 1 and involve the following three 
steps: 

• Formation in a silicon substrate 1 of a low porosity 
layer 2 on the surface and a high porosity layer 3 
thereunder by anodisation of silicon in hydrofluoric 
acid by changing the current density during the PSL 
formation. 

• Formation of a separation layer 4 under the high po- 
rosity layer 3 by high temperature annealing in hy- 
drogen. This separation layer is a highly porous lay- 
er and is mechanically very weak. It can easily be 
broken by little mechanical force, e.g. by ultrasonic 
treatment or pulling. 

Bonding of the obtained structure to another sub- 
strate 5 using an adhesive 6. 

[0005] This process is disclosed in figures 1 A through 
1F. 

[0006] These techniques have been discussed by H. 
Tayanaka et al., 2 nd world conference and exhibition on 
photovoltic solar energy conversion, Vienna, Austria, 
1272 (1998), and by TJ.Rinker et al., Applied Physics 
A, 68, 705-707 (1999). 

[0007] Another approach, disclosed by T.Yonehara et 
al. in Electrical Society Proceedings, Volume 99-3, 111, 
uses mechanical grinding, selective etching and hydro- 
gen annealing for transferring thin silicon epi layers on 
the other substrate. The European patent application 



EP 0867920 discussed the use of a laser beam for the 
separation of the thin layer from the silicon substrate. 
[0008] All of the above-mentioned procedures for 
forming a thin porous layer and separating it from the 
5 substrate involve multiple steps, some of which are 
complex. Each step adds to the cost of the SOI structure 
or solar cell. 

Aims of the invention 

10 

[0009] The primary aim of the present invention is to 
provide a novel, one step method for the production of 
porous layer films. A further aim of the invention is to 
provide a novel method for the production of porous lay- 

15 er films that allows good control over the pore depth. 
Another aim of the present invention is to provide a novel 
method for the production of porous layer films in which 
the substrate is available without aftertreatment after lift- 
off of the porous layer film for the production of a further 

20 porous layer film. 

Summary of the invention 

[0010] The present invention concerns a method for 
25 the manufacture of porous layers in a semiconductor 
substrate, comprising the following steps: 

• Providing a semiconductor substrate comprising at 
least one surface, said substrate serving as an cath- 

30 ode, 

• Providing a anode, 

• Applying a solution comprising F - ions, suitable for 
removing material from said substrate, between 
said surface and said anode, 

35 • Applying a predetermined current between said an- 
ode and said cathode, and 

• Maintaining said solution and said current a suffi- 
cient amount of time to obtain a low porosity layer 
at said surface and a high porosity layer positioned 

40 under said low porosity layer. 

[001 1] With this novel method, a porous semiconduc- 
tor film comprising a low porosity and a high porosity 
layer can be obtained with a one-step method, i.e. with- 
45 out changing any parameter. More specifically, the so- 
lution will not be replaced and the current will not be 
changed. For the purpose of the invention, layer shall 
be understood as a part of the substrate that can be dis- 
tinguished from another part of the substrate. 
so [0012] The amount of time the current and the com- 
position of the solution have to be maintained depends 
on the value of the current and of the concentration of 
the F- ions in the solution and can be determined by the 
person skilled in the art based on the examples as dis- 
ss closed in the detailed description. A F- ion containing 
solution can be obtained by dissolving HF, a buffer so- 
lution containing F- ions, NH 4 F, NaF or any other F- con- 
taining compound into an aqueous solution. Further, 
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said solution preferably further comprises a wetting 
agent such as an organic solvent, preferably, but not lim- 
ited to ethanol or acetic acid. 

[001 3] With the method of the invention, a porous lay- 
er comprising a low porosity layer and a high porosity 5 
layer positioned thereunder can thus be obtained. 
[0014] The concentration of F" ions depends on the 
ionisation constant of the fluorine containing compound. 
Preferably, the concentration of F- in said solution is 
comprised between 10 and 40%. 10 
[0015] Preferably, the value of said current is higher 
than 50 mA/cm 2 . The upper limit of the current is usually 
determined by the equipment and/or material con- 
straints. 

[0016] The method of the present invention can fur- is 
ther comprise the step of halting the application of cur- 
rent for a short time, and reapplying the current to obtain 
a higher thickness of the porous layers. Halting the ap- 
plication of the current will allow the hydrogen to escape 
before its pressure allows horizontal cracks to occur. By 20 
repeating this several time, a porous layer with a desired 
thickness can easily be obtained. 
[0017] In a further embodiment, the method of the 
present invention can further comprise a mechanical 
treatment to obtain lift-off of said low porosity layer and 25 
part of said high-porosity layer from said substrate. Said 
mechanical treatment can be any of the known treat- 
ments such as ultrasonic treatment, pulling, etc... . 
[0018] In a second further embodiment, the method 
of the present invention further comprises maintaining 30 
said solution and said current a further amount of time 
in order to obtain lift-off of said low porosity layer and a 
part of said high-porosity layer from said substrate. This 
allows obtaining a separated porous layer film which can 
be attached to a suitable low-cost substrate. 35 
Said separated porous layer film can comprise said low 
porosity layer and a part of said high porosity layer. Said 
part of said high porosity layer can be understood as no 
high porosity layer or a certain thickness lower than the 
high porosity layer before separation. 40 
[0019] In a third further embodiment, the method of 
the present invention further comprises applying a sec- 
ond aqueous solution, suitable for electro-polishing the 
substrate and for providing separation and lift-off of the 
low porosity layer and a part of the high-porosity layer 45 
from the substrate and for providing a new polished sur- 
face on the substrate, while maintaining the current. An 
alternative way to obtain the same effects is to apply in 
a further step a higher current, suitable for electro-pol- 
ishing the substrate and for providing separation and lift- 50 
off of the low porosity layer and a part of the high-poros- 
ity layer from the substrate and for providing a new pol- 
ished surface on the substrate, while maintaining the so- 
lution. By using this process, the semiconductor sub- 
strate surface is polished after removal of the porous 55 
layers and thus no aftertreatment of the semiconductor 
substrate is necessary to proceed to the manufacture of 
a further porous layer film. 



Short d scripti n fth drawings 

[0020] Figures 1A, 1B, 1C, 1D, 1E and 1F illustrate 
the prior art technique and shows the steps used for the 
formation of porous layer and its separation from the 
substrate. 

[0021] Figure 2 illustrates the experimental set-up. 
[0022] Figure 3A and 3B respectively are pictures of 
the interface between bulk silicon and porous layer just 
before separation and of the pore structure. 
[0023] Figure 4 illustrates the electrochemical etching 
reaction at the interface of the HF solution and silicon. 
[0024] Figures 5A to 5H illustrate the porous silicon 
layer formation and its separation mechanism from the 
reusable substrate. 

Detailed description of the invention 

[0025] In relation to the appended drawings the 
present invention is described in detail in the sequel. 
Several embodiments are disclosed. It is apparent how- 
ever that a person skilled in the art can imagine several 
other equivalent embodiments or other ways of practic- 
ing the present invention, the spirit and scope thereof 
being limited only by the terms of the claims. 
[0026] The present invention provides a simple tech- 
nique of formation and lift-off (separation) of thin film 
from the substrate. With this approach the remaining 
wafer (after removing thin layer) can be used again as 
starting product for manufacturing more thin films. 
[0027] The approach of the present invention of for- 
mation and separation of PSL requires only a single step 
as compared to the multiple, complex steps required in 
all other existing approaches. Porous silicon layers are 
formed by anodization, which is the electrochemical 
etching of silicon in the solution based on hydrofluoric 
acid. If one carries out the anodization for a sufficient 
time and for a given current density, pores travel straight 
down in the silicon. When a certain pore depth is 
reached, the concentration of fluoride at the point of the 
reaction decreases. Branching of the pores gives rise to 
the separation layer. The separated layer can be used 
for any desired use. Thus, in this way, one can avoid the 
following steps of the formation and separation of thin 
film from the substrate: 

(a) No replacement of the solution comprising F" 
ions is required. 

(b) No change in the current density is required for 
forming double porosity structure. 

(c) No high temperature annealing in hydrogen is 
required for making the separation layer. 

(d) No mechanical force is required to separate the 
layer from the substrate. 

[0028] Another approach, which provides better con- 
trol over the separation of the layer from the substrate, 
involves two steps. In the first step one carries out the 
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electrochemical etching as stated above and in the sec- 
ond step one exploits an electro-polishing regime for the 
formation of the separation layer. 
[0029] The present invention is described by refer- 
ence to examples 1 to 4. The example 1 describes the 
set-up used for the porous silicon formation. Porous sil- 
icon formation and its separation from the reusable sub- 
strate by electrochemical etching are described in the 
example 2. Formation mechanism of a separation layer 
or a detached layer is described in the example 3. In 
example 4, the electrochemical reaction is limited by the 
fluoride ion in the solution, known as electro-polishing. 
The combination of electrochemical etching and electro- 
polishing with certain conditions can be used for the PSL 
and its separation from the reusable substrate. 

Example 1 : Experimental setup. 

[0030] Figure 2 illustrates the experimental set-up 
used for the porous silicon layer formation. Reference 
numeral 11 is the hydrofluoric acid solution. In the po- 
rous silicon formation the platinum electrode 10, which 
is resistant against hydrofluoric acid, acts as a negative 
electrode. The bottom plate 7 (e.g. stainless steel plate), 
which is in contact with the silicon wafer 1 (polished side 
up), acts as cathode. The rubber ring 8 prevents the out- 
flow of the solution from the contact area of the Teflon® 
beaker 9 and wafer substrate 1 . The rubber ring 8 is kept 
under pressure by the beaker 9, which in turn is pres- 
surised by a stainless steel threaded ring (not shown). 

Example 2: 

[0031] Experiments were carried out with a mixture of 
HF, acetic acid and deionised water in which the con- 
centration of HF varies between the different experi- 
ments from 10% to 40% and current density varies from 
25 mA/cm 2 to 200 mA/cm 2 . The acetic acid is used as 
a wetting agent, and provides enough functionality to 
obtain a good pore distribution. Ethanol could also be 
used, but for environmental reasons acetic acid is pre- 
ferred. For a given current density and for a given HF 
concentration, formation of the separation layer or a 
very high porosity layer or a detached layer as shown 
in Figure 3A is obtained when the reaction is continued 
after a certain time. The low porosity layer 12, high po- 
rosity (separation) layer 1 3 just before lift-off and silicon 
wafer substrate 14 are visible on figure 3A. For a 25% 
HF solution and for 150 mA/cm 2 current density this time 
is around 45-55 second and the thickness of the thin 
layer obtained is around 7 to 10 microns. Different layer 
thickness can be achieved by changing the current den- 
sity and HF concentration in the solution. During the 
etching the pore extends downward in the silicon wafer 
as shown in Figure 3B. Pores are not perfectly cylindri- 
cal in shape. For all experiments highly doped silicon 
wafers of orientation <100> were used. 



Example 3: 

[0032] Electrochemical etching of silicon occurs at the 
HF solution/silicon interface when subjected to the flow 

5 of current. When a hole coming from the bulk silicon 
reaches to the interface, the Si-H bonds is replaced by 
Si-F bond due to an attack by a fluoride ion from the HF 
solution. The polarization induced by these Si-F bond 
lowers the electron density of the Si-Si bond and these 

10 are broken too. Silicon dissolves as tetravalent silicon 
fluoride (SiF 4 ), which reacts with HF and produces fluor- 
osilicic acid (H 2 SiF 6 ). This electrochemical reaction is 
limited to the holes and results in pore formation. Figure 
4 illustrates the interface between bulk silicon and the 

15 HF solution where pore formation occurs. The numeral 
15 indicates bulk silicon, 16 is the HF solution, 17 des- 
ignates the holes, 18 are the fluoride ions and 19 is the 
interface. 

[0033] Once the pore formation starts at a certain po- 

20 sition, it goes straight down in silicon as shown in Figure 
5. The numeral 21 indicates bulk silicon, 22 indicates 
pores and 23 indicates the point of reaction. When the 
pores are not deep enough the reaction occurs at the 
bottom of the pore as shown in Figure 5A and 5B. At 

25 this time, there are sufficient fluoride ions available at 
the bottom but certainly less than the number of fluoride 
ions available at the surface since they have to diffuse 
through the pore to the point of reaction. Porosity of the 
layer increases with decrease in the concentration of HF 

30 in solution. Although the initial F~ containing solution is 
not replaced, an in-situ change of concentration is ob- 
tained. Therefore as we go deeper, porosity of the layer 
increases. The porosity gradient occurs from the point 
where the availability of the fluoride ion is affected by 

35 the diffusion through pores. 

[0034] As pores go sufficiently deep in silicon, the flu- 
oride ion concentration at the point of reaction reduces 
to a very low level as compared to the surface concen- 
tration. This results in the shift of the point of reaction to 

40 a slightly higher level because of very high resistance 
of the lowest part of the pore as shown in Figure 5C and 
5D. This shift in the reaction gives rise to the formation 
of the branches of the pores as shown in Figure 5E and 
5F. In Figure 5E the numeral 24 indicates a hydrogen 

45 molecule and 25 is the direction of the hydrodynamic 
force exerted by the molecule. For every dissolution of 
a silicon atom, one hydrogen molecule results as a prod- 
uct of the electrochemical etching. The hydrogen mole- 
cules exert force on the walls of the pores. At some 

50 points, because of the branching of pores the walls be- 
comes very thin and not able to withstand the hydrody- 
namic pressure exerted by the hydrogen molecules. 
This results in horizontal cracks 26 in the layer. The 
presence of sufficient horizontal cracks results in the 
55 separation of the layer from the substrate. The layer can 
then detach from the substrate as shown in Figure 5G 
and H. 
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Example 4: 

[0035] For the case of 25 % HF solution and 1 50 mA/ 
cm 2 current density the separation of the PSL occurs at 
around 45-55 seconds. Because of the high current den- 
sity, reaction occurs very fast. The centre portion of the 
layer gets detached with the wafer but the periphery re- 
mains attached with the silicon because of the construc- 
tion of the experimental set-up. Therefore after the for- 
mation of separation layer if the reaction is allowed to 
continue, the by-product, hydrogen, gathers underneath 
the layer and exerts pressure on the film. The film breaks 
because of this pressure. Therefore, exact control of the 
reaction is required. 

[0036] In another approach, which comprises two 
steps, one can exploit the use of electro-polishing to- 
gether with the electrochemical etching for the formation 
of separation layer. For the purpose of this invention, 
polishing shall be understood as etching a rough surface 
such that the uneven topography of the surface de- 
creases. Electrochemical etching is carried out with the 
set-up described in example 1 . In the first step one forms 
porous silicon layer and in the second step changing the 
solution from high concentration to low concentration of 
F- results in electro-polishing. For example in the first 
step one uses 25% HF and 1 50 mA/cm 2 current density 
during 45 seconds. For the second step one uses a so- 
lution of low HF concentration, for example 17%. The 
reaction at the interface is limited by the fluoride ion con- 
centration and electro-polishing at the interface of bulk 
silicon and porous layer occurs. The time required to 
form a separation layer in the second step varies from 
60 seconds to 80 seconds. This electro-polishing effect 
can also be obtained by keeping the same solution, but 
changing (augmenting) the current. 
[0037] In yet another approach, one can control the 
reaction that occurs at the deepest porous layer in such 
a way that no horizontal cracks occur. This can e.g. be 
done by halting the current for a short period just before 
the time that separation would normally occur, and then 
applying the current again for a short period. By doing 
this repeatedly, one can obtain high-thickness porous 
layers easily. A thickness of 70 fim is readily obtainable. 
Applying the current for a sufficient amount of time for 
horizontal cracks to occur can easily separate such thick 
porous layers from the substrate. Pausing the applica- 
tion of current allows the hydrogen to escape from the 
pores and can thus postpone the formation of horizontal 
crack due to hydrogen pressure. 



Claims 

1. Method for the manufacture of porous layers in a 
semiconductor substrate, comprising the following 
steps: 

Providing a semiconductor substrate compris- 



ing at least one surface, said substrate serving 
as an cathode, 

• Providing a anode, 

• Applying a solution comprising F - ions, suitable 
5 for removing material from said substrate, be- 
tween said surface and said anode, 

• Applying a predetermined current between said 
anode and said cathode, and 

• Maintaining said solution and said current a suf- 
10 ficient amount of time to obtain a low porosity 

layer at said surface and a high porosity layer 
positioned under said low porosity layer. 

2. Method as in claim 1, characterised in that the 

15 concentration of F" in said solution is comprised be- 
tween 10 and 40%. 

3. Method as in claim 1 or 2, characterised in that 
the value of said current is higher than 50 mA/cm 2 . 

20 

4. Method as in any of the claims 1 to 3, characterised 
in that is further comprises the step of halting the 
application of current for a short time, and reapply- 
ing the current to obtain a higher thickness of the 

25 porous layers. 

5. Method as in any of the claims 1 to 4, further com- 
prising maintaining said solution and said current a 
further amount of time in order to obtain lift-off of 

30 said low porosity layer and a part of said high-po- 
rosity layer from said substrate. 

6. Method as in any of the claims 1 to 4, characterised 
in that it further comprises a mechanical treatment 

35 to obtain lift-off of said low porosity layer and a part 
of said high-porosity layer from said substrate. 

7. Method as in any of the claims 1 to 4, further com- 
prising applying a second aqueous solution, suita- 

40 ble for electro-polishing the substrate and for pro- 
viding separation and lift-off of the low porosity layer 
and a part of the high-porosity layer from the sub- 
strate and for providing a new polished surface on 
the substrate, while maintaining the current. 

45 

8. Method as in any of the claims 1 to 4, further com- 
prising applying in a further step a higher current, 
suitable for electro-polishing the substrate and for 
providing separation and lift-off of the low porosity 

50 layer and a part of the high-porosity layer from the 
substrate and for providing a new polished surface 
on the substrate, while maintaining the solution. 
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